Machining is the most widely used process in manufacturing, and tool wear plays a significant role in machining efficiency and effectiveness. There is a continuous requirement to manufacture high-quality products at a lower cost. Many past researches show that variations in tool geometry affect the cutting forces significantly. The increase in cutting forces leads to excessive vibrations in the system, giving a poor surface finish to the machined product. In this work, a 2D coupled thermo-mechanical model is developed using Abaqus/Explicit to predict the cutting forces during turning of mild steel. Johnson-Cook material model along with damage model has been used to define the material behavior. Coulomb's friction model is considered for defining the interaction between the tool and the work piece. Metal cutting process is simulated for different sets of cutting conditions and compared with experimental results. The finite element method results correlate well with the experimental results.
Introduction
Tool wear influences tool life, machining cost, and most importantly the machining quality. Thus a quantitative study of cutting forces is essential for tool life estimation and tool condition monitoring. Initially, experimental methods and analytical methods were used to study cut-ting forces. D'Mello et al. [1] investigated the effects of flank wear, cutting parameters, and tool vibrations on the surface roughness during high-speed turning of Ti-6Al-4V. Ning et al. [2] devised a set of turning experiments with tool inserts having different tool edge radii from 2 to 62 µm and studied the effects of tool edge wear on cutting forces in Inconel 718. However, with advances in computational techniques, studies are now focused toward using numerical methods such as finite element method (FEM) for analysis. Krishnakumar et al. [3] studied the effects of residual stresses on AISI 4340 steel during multiple pass turning and the FE model was validated with the experimental results. Thepsonthi et al. [4] studied the effects of tool edge radius on the machining performance of end-milling process. Both 2D and 3D models were used to predict the temperature and cutting forces developed during machining. The FEM results were validated with the experimental results. It is found that both models predict comparable results for cutting forces but there is a significant difference in cutting temperatures because of quicker dissipation of heat in the 3D model.
Each tool has a different wear profile and it is not possible to obtain a single unique wear profile for a tool. Thus, the present work introduces a predefined artificial wear at the tip of the tool by EDM process. The same change is incorporated into the tool in Abaqus model. The simulations are performed for three different sets of conditions and the results are validated. The cutting conditions are listed in Table 1 . 
Finite Element Simulation
Researchers have used numerical simulations for studying various structural and flow phenomena [5] [6] [7] [8] [9] . Finite element simulation has been very helpful in predicting forces, residual stresses, wear and tear of tool, and temperature variation during the machining processes [6, [8] [9] [10] [11] [12] [13] [14] [15] . Apart from machining, simulation researchers have been using finite element simulation extensively [16, 17] . The present work uses finite element simulation to study force variation during the turning process using both a good and a worn-out tool. Future work involves optimization of the machining parameters for reduced forces using statistical tools [18, 19] .
Basic description of the model
The present work develops a fully thermo-mechanical coupled 2D plane strain finite element turning model for mild steel using Abaqus/Explicit software. This thermomechanical model is very much essential to understand the effect of temperature on the machining process and wear process [20, 21] . The simulation is carried out for three different sets of conditions as mentioned in Table 1 . The work piece is defined as deformable and the tool is defined as discrete rigid. A rigid modeling tool reduces solution time and does not greatly affect the accuracy of the solution. The work piece and both the good and the defective tools are shown in Figure 1 and Figure 2 , respectively. The cutting duration is chosen as 0.002 seconds to reduce computational time. Arbitrary Lagrangian Eulerian (ALE) technique is used for meshing to smoothen out excessive distortions in mesh and maintain a good mesh quality during cutting process. This is discussed in detail in Section 2.4. 
Material behavior
In metal cutting process, the work piece is subjected to very high temperature, strain, and strain rates. Therefore it is necessary to include these effects while developing the model. Thus, a thermo-viscoelastic model is required for the analysis of a machining process. There are several empirical models developed to model material flow stress properties. Johnson-Cook model is the most prominent and widely used model in metal cutting process. JohnsonCook model [22, 23] is expressed as
where σ is the material flow stress, ϵ is the equivalent plastic strain,έ is the strain rate,έo is the reference plastic strain, T is the temperature of the work piece material, To is the reference temperature, and Tm is the melting temperature of the work piece material. The first term in the equation includes the effect of the previous strain present in the material, the second term includes the effects of strain rate, and the last term includes the effects of thermal softening. A, B, C, n, and m are Johnson-Cook constants which are found out experimentally. Because these experiments are highly advanced and complex and the dedicated labs for such experiments are very few in India, these values are obtained from existing literature. Tables 2 and 3 show Johnson-Cook constants and material properties of mild steel, respectively. 
Damage criteria
The damage criteria define the criteria for separation of chip from the parent metal. An appropriate choice of damage model and criteria is required to achieve the desired results. Most damage models define a critical value for the effective plastic strain, exceeding which the material cracks and fails. There are several ductile fracture models available in the literature. The most widely used model is the Johnson-Cook damage model [24] , because of its simplicity, ease of calibration of constants, and availability of fracture constants for many metals.
where σ* is the ratio of average of three normal stresses to von Mises equivalent stress,έ * is the dimensionless strain rate, T is the material temperature, To is the reference temperature, Tm is the melting temperature, and
, and D 5 are fracture constants. The first set of brackets includes the effect of triaxiality, the second set of brackets includes the effect of strain rate, and the third set of brackets includes the temperature effects. The damage parameter D is given by
where ∆ϵp is the incremental strain. When damage parameter D exceeds 1.0, the material fractures and fails. Table 4 shows the Johnson-Cook damage constants for mild steel. 
Choice of element type and meshing
The element type used for the analysis is CPE4RT. It is a four-node, plane strain, coupled bi-linear temperaturedisplacement element with a global element size of 0.02. In machining process, the material undergoes a large deformation where the mesh is unable to give accurate results and often results in termination of analysis. ALE is a new meshing technique used to prevent excessive distortion in the element. In ALE, the distorted mesh is smoothed at regular intervals, keeping the mesh size, number of elements, and their topology unaltered.
In Lagrangian approach the nodes move with the material points. It is easy to track free surfaces and apply boundary conditions but it results in a distorted mesh at high strain gradients. It can be used to analyze transient problems. In Eulerian approach the nodes remain fixed and the material flows through the mesh resulting in no mesh distortion. This approach is usually used in fluid flow analysis. This approach is used for the analysis of steadystate problem. Chip separation cannot be simulated in this approach. In ALE approach the nodes are constrained to material motion only where necessary. In other cases, they remain independent. This approach combines the benefits of both types of approaches without their drawbacks and is mostly used in applications involving large deformation. Figure 3 shows the meshed work piece and tool. 
Work piece and tool interaction
Tool interaction is a very important parameter in chip formation and achieving the desired outcome. The contact type used is "Surface to Surface" contact. The tool and the work piece form a contact pair. The tool surface is defined as "Master Surface" and work piece surface is defined as "Slave Surface." This prevents the nodes from slave surface penetrating into the master surface. Coulomb's friction law is used in this model, assuming a constant friction coef-ficient of 0.3. Figure 4 shows the interaction between the tool and the work piece. 
Finite element simulation
Many researchers have done finite element simulation in order to study the different details of the cutting process which includes chip formation, temperature variation, force variation, and residual stresses analysis [15, [25] [26] [27] [28] . Figure 5 and Figure 6 show chip formation for the two conditions-good tool and worn-out tool. Scaling factor is a technique to decrease computational time. A large scale factor may decrease computational time to a large extent but the final results can be affected significantly. The scaling factor has to be chosen without any compromise on the results. By trial and error method, the scaling factor was defined as 1000 for this analysis. The simulations were performed for three different sets of conditions. Chip formations were successfully obtained for all different cutting conditions. The cutting force data obtained from the analysis was plotted in Excel and the mean cutting force was calculated for all the conditions. Figures 7-9 show the variation of cutting force for the three sets of conditions. 
Experimental Validation
The turning operation was performed using conventional lathe. The cutting parameters are listed in Table 5 . The wear is artificially induced by making a change in the tool's profile by EDM process. The work piece used for machining is mild steel. Tungsten carbide insert, which has two cutting edges, is used. One edge of the tool is a new tool whereas the other's profile is changed in order to provide a wear of 0.4 mm. The insert is shown in Figure 10 . The cutting force in turning operation is determined using a strain gauge. Here, the strain gauges are connected in half-bridge configuration type II. This configuration was specifically designed for measuring bending strain. In this configuration, two strain gauges are bonded to two opposite surfaces of the tool holder. The strain gauges are then connected to DAQ NI-9237. The acquired data from DAQ are processed using Lab-View software and the mean strain readings are obtained. The tool holder is assumed to be a cantilever beam and, from the bending equation for beams, the bending stress is determined. By Hooke's law, cutting force is calculated from bending stress.
Results and Discussion
The 2D finite element simulation of turning operation was accomplished using Abaqus/Explicit. Both the simulation and the experiment were performed under the same cutting conditions. Based on tool parameters mentioned in Table 5 , the cutting force is calculated.
Comparison between the experimental and the finite element results is shown in Figure 11 . 
Conclusion and Future Scope
Based on the results obtained from the experiment and finite element simulation, the following conclusions are drawn. The finite element results correlates with the experimental results for no wear condition with less than 10% error. The maximum percentage of error is 9.4%. Thus, the finite element model is a better model for predicting cutting forces. This method can save time and cost when compared to experimental method. There is a large scope in future to improve the accuracy of the model through (a) developing a 3D model [29] , which can predict results more accurately because of lesser number of assumptions (b) modeling the tool as viscoelastic instead of treating it as rigid (c) developing alternate friction models to predict the cutting forces
